Epidemiological studies have associated increased risk of Alzheimer's disease (AD)-related clinical symptoms with a medical history of head injury. Currently, little is known about pathophysiology mechanisms linked to this association. Persistent neuroinflammation is one outcome observed in patients after a single head injury. Neuroinflammation is also present early in relevant brain regions during AD pathology progression. In addition, previous mechanistic studies in animal models link neuroinflammation as a contributor to neuropathology and cognitive impairment in traumatic brain injury (TBI) or AD-related models. Therefore, we explored the potential interplay of neuroinflammatory responses in TBI and AD by analysis of the temporal neuroinflammatory changes after TBI in an AD model, the APP/PS1 knock-in (KI) mouse. Discrete temporal aspects of astrocyte, cytokine, and chemokine responses in the injured KI mice were delayed compared with the injured wild-type mice, with a peak neuroinflammatory response in the injured KI mice occurring at 7 d after injury. The neuroinflammatory responses were more persistent in the injured KI mice, leading to a chronic neuroinflammation. At late time points after injury, KI mice exhibited a significant impairment in radial arm water maze performance compared with sham KI mice or injured wild-type mice. Intervention with a small-molecule experimental therapeutic (MW151) that selectively attenuates proinflammatory cytokine production yielded improved cognitive behavior outcomes, consistent with a link between neuroinflammatory responses and altered risk for AD-associated pathology changes with head injury. on 9 h, 1 d, 7 d, 1 month, and 2 month time points after CHI in the KI mouse.
Introduction
Approximately 1.5 million people in the United States seek emergency medical treatment annually for a traumatic brain injury (TBI) (Faul et al., 2010) . Among the various TBI morbidities is an increased risk for later-in-life development of dementias, such as Alzheimer's disease (AD). For example, even a self-reported history of head injury has been found to be associated with earlier onset and increased risk of cognitive impairment and dementia (Abner et al., 2014) . However, our knowledge of the pathophysiology progression attributes common to TBI and AD is limited. This knowledge could facilitate insight into the temporal progression of key pathophysiological mechanisms, thereby provid-ing a rational foundation to the search for new intervention strategies.
A number of TBI studies in AD-relevant animal models have documented injury effects on cognition and changes in amyloid or tau pathology (Nakagawa et al., 1999 (Nakagawa et al., , 2000 Uryu et al., 2002; Abrahamson et al., 2006; Laskowitz et al., 2010; Schwetye et al., 2010; Tran et al., 2011; Tajiri et al., 2013; Washington et al., 2014) . However, activation of microglia and astrocytes and injurious overproduction of glia products have not been studied in detail. This is a critical knowledge gap, as glia activation and upregulation of glia inflammatory mediators have been directly linked to pathophysiology progression in both TBI (Lloyd et al., 2008; Kumar and Loane, 2012; Woodcock and Morganti-Kossmann, 2013; Bachstetter et al., 2015) and AD relevant models (Bachstetter et al., 2012) . Therefore, we examined the temporal profile of key neuroinflammatory responses following TBI in the context of an AD-relevant model in which glia activation and upregulation of proinflammatory cytokine levels are linked to neurologic outcomes, including cognitive behavior. We used a closed head injury (CHI) protocol for mild TBI in an APP/PS1 knock-in (KI) mouse model of AD that exhibits an age-related increase in proinflammatory cytokine production and AD-related pathophysiology. We leveraged previously reported (Lloyd et al., 2008; Bachstetter et al., 2012 ) time courses of the pathophysiology endpoint changes in either TBI or the KI model to focus our analysis Ͻ10% of nestlet intact, nest is identifiable but flat; 5, Ͻ10% of nestlet intact, nest is identifiable with walls higher than the mouse body).
Running wheel behavior. Running wheel apparatuses were purchased from Lafayette Instruments, and the chambers were 35.3 cm ϫ 23.5 cm ϫ 20 cm (length ϫ width ϫ height). The running wheel component itself was made out of stainless steel and consisted of a wheel of 12.7 cm diameter ϫ 5.72 cm width with 38 uniformly spaced rungs for the mice to run on. At 12-14 h following the CHI or sham injury, the mice were introduced into the running wheels and data were recorded for 5 d of recovery. Computerized counting software (Lafayette Instruments) automatically recorded the total distance run each hour by each animal, and then these 1 h blocks were combined into 24 h (1 d) blocks to be presented graphically.
Radial arm water maze (RAWM) behavior. The RAWM followed the well-established 2 d protocol (Alamed et al., 2006) , as previously described (Webster et al., 2013) . Briefly, in block 1 (first 6 trials) and block 2 (6 trials), mice were trained to identify the platform location by alternating between a visible and a hidden platform (3 hidden platform trials and 3 visible platform trials for each block). Block 3 (3 trials) used only a hidden platform. The next day, mice were tested in 3 blocks of 5 trials each (blocks 4 -6; 15 total trials), all using only a hidden platform to test their spatial memory retention. Data are presented as the average errors per block during the hidden platform trials. RAWM performance was recorded and scored using EthoVision XT 8.0 video tracking software (Noldus Information Technology). Behavioral data for both genders were combined after observing no differences between the behavioral responses of male and female mice tested.
Brain tissue harvesting, biochemical and immunohistochemical (IHC) endpoints. Mice were deep anesthetized with 5% isoflurane before transcardial perfusion with ice-cold PBS for 5 min. The brains were rapidly removed, dissected, processed, and archived for subsequent biochemical and IHC endpoints as previously described (Bachstetter et al., 2012) . Brain homogenates for cytokine and A␤ protein levels were made as previously described (Bachstetter et al., 2012) . Levels of IL-␤, TNF␣, and A␤1-40 and A␤1-42 were measured by V-Plex ELISA from Meso Scale Discovery (MSD) according to the manufacturer's instructions as we have previously described (Bachstetter et al., 2012) . Gene expression was measured by real-time PCR, using the TaqMan Gene Expression Assay Kit (Applied Biosystems, catalog #4444964) according to the manufacturer's instructions on a ViiA 7 Real-Time PCR System (Applied Biosystems). Relative gene expression was calculated by the 2 Ϫ⌬⌬CT method as previously described (Bachstetter et al., 2013b) . IHC staining was done following established methods (Bachstetter et al., 2012 (Bachstetter et al., , 2013b . Primary antibodies used included the following: rabbit anti-GFAP (Dako, catalog #Z0334; 1:10,000); rabbit anti-IBA1 (Wako, catalog #019-19741; 1:10,000); mouse anti-A␤ 6E10 (Covance, catalog #SIG-39340, 1:3000) monoclonal antibody; and rabbit anti-A␤1-42 (Invitrogen, catalog #44344, 1:750). Quantitative image analysis of IHC was conducted as previously described (Bachstetter et al., 2012 (Bachstetter et al., , 2013b . Briefly, Aperio ScanScope XT digital slide scanner was used to image the entire stained slide at 20ϫ magnification to create a single high-resolution digital image. The cortex was outlined using the Aperio ImageScope software. The Aperio-positive pixel count algorithm (version 9) was used to quantify the amount of specific staining in the region. The number of positive pixels was normalized to the number of total pixels (positive and negative) to account for variations in the size of the region sampled. The resulting color markup of the analysis was confirmed for each slide. Personnel blind to the experimental conditions performed all quantifications.
Synthesis and use of MW151. MW01-2-151SRM (2-(4-(4-methyl-6phenylpyridazin-3 yl)piperazin-1-yl)pyrimidine) was synthesized and characterized as previously reported (Hu et al., 2007) . MW151 is a watersoluble, chemically stable, small molecule (423 MW) that is orally bioavailable and CNS-penetrant, with a brain-blood ratio Ͼ1, similar to other CNS drugs in clinical use or under development. MW151 is not a pan-suppressor of neuroinflammation; for example, MW151 suppresses injury-or disease-induced upregulation of proinflammatory cytokines, such as IL-1␤ and TNF␣, but does not block anti-inflammatory cytokines, such as IL-10 (Bachstetter et al., 2012, 2015) . MW151 efficacy is achieved in the absence of any signs of general immunosuppression or nonselective anti-inflammatory action, as documented in diverse animal models (Hu et al., 2007; Karpus et al., 2008; Lloyd et al., 2008; Chrzaszcz et al., 2010; Bachstetter et al., 2012 Bachstetter et al., , 2015 Jenrow et al., 2013; Macauley et al., 2014) . MW151 was administered as previously described (Bachstetter et al., 2012) . MW151 was dissolved in 0.9% sterile NaCl (saline: Hospira NDC 0409-4888-10), and administered by intraperitoneal injection. Saline was injected intraperitoneally as the vehicle control.
Statistics. JMP Software version 10.0 was used for statistical analysis. A repeated-measures ANOVA was used for running wheel behavior and RAWM. For all other endpoints, a two-way ANOVA was used comparing injury groups, time after injury, and their interaction as factors. If a significant main effect of injury group, or time after injury was found, then a one-way ANOVA was used to examine differences within those factors. A two-tailed Student's t test was used for post hoc analysis to compare only the effect of injury in the WT and KI mice, and effect of genotype (WT vs KI) in response to CHI, as these comparisons were determined a priori to be the ones of interest. The F values are shown in Tables 1, 2, and 3 for the one-and two-way ANOVA, along with the p values for the ANOVAs and T tests. Differences between mean were considered significant at ␣ ϭ 0.05. Graphs were generated using Graph-Pad Prism software version 6.0. Values are expressed as mean Ϯ SEM.
Results

Rationale and animal model systems
The overall goal of this study was to use CHI in an AD mouse model to probe whether TBI would alter or possibly accelerate AD-relevant pathophysiology changes, especially cognitive deficits that define AD and related dementias, to identify a potential mechanism amenable to modulation by intervention. The AD mouse model we used is the APP NLh/NLh ϫ PS1 P264L/P264L double gene-targeted knock-in (APP/PS1 KI) mouse (Flood et al., 2002) . Gene expression in this humanized KI mouse model is driven by endogenous promoters of the amyloid precursor protein (APP) and presenilin-1 (PS1) genes, and the APP and PS1 genes contain selective point mutations linked to familial AD (Reaume et al., 1996; Siman et al., 2000; Flood et al., 2002) . The APP/PS1 KI mouse is particularly advantageous in that it preserves physiologically relevant APP expression levels and demonstrates progressive and age-related AD pathology without APP overproduction . Critical to this study, the temporal changes in proinflammatory cytokine upregulation are known, and their link to disease-relevant neurologic outcomes, such as synaptic dysfunction, established through intervention with the experimental therapeutic MW151, a selective attenuator of stressrelated proinflammatory overproduction (Bachstetter et al., 2012) . Separate but parallel observations have been made with TBI in mouse models. Briefly, CHI induces proinflammatory cytokine increases that can be attenuated by MW151 intervention within the appropriate dosing time window, with a resultant improvement in cognitive behavior (Lloyd et al., 2008) .
Among the diverse rodent TBI protocols available (Xiong et al., 2013), we chose a midline CHI protocol that uses an electromagnetic impactor and is characterized by the following features:
(1) a mild injury, (2) primarily diffuse, (3) no cortical contusions or gross tissue loss, (4) no craniotomy required, (5) reproducible, and (6) low mortality. The injury produces a transient apparent loss of consciousness ϳ7-8 min in length with no significant difference in righting reflex between the WTϩCHI group (ϳ7 min Ϯ 41.1 s; mean Ϯ SEM) and the KIϩCHI group (ϳ8 min Ϯ 41.3 s; mean Ϯ SEM). Similarly, mortality rates were not significantly different between WT (2.7%) and KI (2.3%). Less than 1% of mice were excluded for skull fractures or ear problems from the surgical procedure.
Injured APP/PS1 KI mice show persistent behavioral deficits
The initial tests for CHI outcomes were for behavior using the study design outlined in Figure 1a . Two nonforced behavioral measures of activity were used: a home cage running wheel ( Fig.  1b ) and nesting behavior ( Fig. 1c ). A cohort of mice ( Fig. 1a , cohort 3) was allowed access in the home cage to a running wheel for 5 d after the CHI or sham surgery. Deficits in the running wheel during the first 3 d post-injury (p.i.) self-attenuate and reach baseline ϳ5 d. As shown in Figure 1b , the CHI-induced deficit in the distance traveled is evident in both the WT and KI mice. Using a repeated-measures ANOVA, we found a significant effect of injury ( p ϭ 0.0149), but no effect of genotype.
We also measured nesting behavior as another test of activity. Nest building is a naturalistic mouse behavior similar to an "activity of daily living," which is related to thermoregulation, exploration, and camouflage (Deacon, 2006 (Deacon, , 2012 . Cohorts 2-5 were tested at 1 d, 7 d, 1 month, and 2 months p.i. for the ability to make a nest. As shown in Figure 1c , at 1 d following injury, both WT and KI mice made nests of significantly lower quality compared with the respective sham-injured controls (WT, p ϭ 0.0028; KI, p ϭ 0.0025). At 7 d p.i, the WT mice no longer showed a significant effect of injury, but the KIϩCHI mice continued to make a significantly lower-quality nest than the sham-injured KI mice ( p ϭ 0.0005). By 1 month p.i., the WT mice were fully recovered in nesting behavior, whereas the KIϩCHI mice continued to show a significant deficit in nest building ability ( p ϭ 0.0232). Remarkably, even at 2 months p.i., the KIϩCHI mice still showed a significant deficit in the ability to make a nest ( p ϭ 0.0061).
A prototypical behavioral outcome of CHI in mice is cognitive impairment, generally measured by RAWM or Morris water maze deficits. To determine whether APP/PS1 KI mice had increased susceptibility to develop cognitive deficits following a single CHI, we injured mice at 8 months of age and measured cognitive changes by RAWM at 9 months of age ( Fig. 1a ). The rationale for choosing these ages is that, at 8 -9 months of age, the KI mice exhibit some (but not extensive) amyloid deposition (Flood et al., 2002; Zhang et al., 2007) , but no cognitive deficits in the RAWM until 11 months of age (Webster et al., 2013) . Therefore, this paradigm allowed us to inflict a TBI in an environment of amyloid pathology and test the KI mice in the RAWM before cognitive impairments are normally evident.
We hypothesized that CHI would exaggerate the cognitive impairment in the APP/PS1 KI mice. Prior studies using a moderate-to-severe controlled cortical impact TBI model in PDAPP or Tg2576 mice have shown that the injured transgenic mice have a worse outcome in Morris water maze or RAWM compared with the injured WT mice (Brody and Holtzman, 2006; Tajiri et al., 2013) . In a lateral CHI in Tg2576 mice, repetitive CHIs were required to induce a Morris water maze deficit, as one CHI was not sufficient; however, even repetitive CHIs in WT mice did not induce a cognitive deficit (Uryu et al., 2002) . Thus, a threshold of injury severity may be necessary to induce cognitive impairment. Therefore, we tested whether the mild diffuse injury associated with our CHI model would be sufficient to overcome that threshold. We previously found deficits in RAWM performance at 14 d p.i. in WT mice (Bachstetter et al., 2015) . As shown in Figure 1d , by 1 month p.i. in WTϩCHI mice, the deficit in RAWM performance has resolved and the injured mice are not different from the sham group. However, at this time point, the KIϩCHI mice still exhibited a significant cognitive impairment. Using a repeated-measures ANOVA, we found a significant effect of training ( p Ͻ 0.0001) and treatment group ( p ϭ 0.0008). Post hoc analysis showed that the KIϩCHI group was significantly different ( p Ͻ 0.05) from the other three groups, which were not significantly different from each other, as analyzed by the total numbers of errors per day.
A␤ deposition is increased by CHI in the APP/PS1 KI mice at 2 months p.i. TBI in humans can accelerate amyloid pathology (for review, see Johnson et al., 2010) , including the accumulation of APP in injured axons (Gentleman et al., 1993; Sherriff et al., 1994) , as well as a rapid development of amyloid plaques in severe TBI cases (Roberts et al., 1994; Ikonomovic et al., 2004) . Changes in amyloid pathology have also been reported in TBI studies with AD mouse models (Uryu et al., 2002; Abrahamson et al., 2006; Tran et al., 2011; Tajiri et al., 2013; Washington et al., 2014) . To assess whether CHI altered A␤ in the APP/PS1 KI mouse, we used three time points: (1) an acute time point of 1 d p.i. where some previous studies have documented elevated APP and A␤;
(2) a 1 month p.i. time point when we see RAWM deficits in injured KI mice; and (3) a chronic time point of 2 months p.i. when there is enhanced amyloid pathology in the KI mice . At 1 d p.i., 8-month-old KIϩsham mice showed only sparse A␤ plaques, and there was no injury-induced increase in A␤ plaque burden as assessed by 6E10 staining (Fig. 2a ). By 1 month p.i. (9month-old mice), a predicted age-related increase in A␤ burden was seen in KI mice, both sham and CHI, but there was no injury-induced change in A␤ burden. By 2 months p.i. (10-month-old mice), the A␤ staining had continued to increase with age in the KI mice and was seen throughout the cortex. Quantification of the A␤-positive staining area in mice at 2 months p.i. demonstrated a significant increase in the A␤ load in CHI mice compared with sham-injured mice ( p ϭ 0.0345; Fig. 2a ). Interestingly, at this time point, we observed small A␤ (6E10) deposits in the KIϩCHI mice that were not seen in the KIϩsham mice ( Fig. 2a) ; the significance of this observation is not known.
As 6E10 has the potential to detect both A␤ and APP (Gouras et al., 2010) , and TBI in mice can induce increases in APP levels (Abrahamson et al., 2006; Loane et al., 2009 ), we measured A␤1-40and A␤1-42-specific neo-epitopes to determine whether the increase in 6E10 staining was specific to A␤ or reflected changes in APP. The MSD (6E10) A␤ Figure 1 . Injured APP/PS1 KI mice show persistent behavioral impairments. a, Overview of study design and experimental groups. WT and KI mice (8 months old) were subjected to CHI or sham injury, and different cohorts examined at 9 h, 1 d, 7 d, 1 month, and 2 months p.i. b, Cohort 3 was tested for running wheel activity on p.i. days 1-5. CHI caused a transient reduction in spontaneous running wheel activity that was similar in both WT and KI mice (n ϭ 7 or 8 per group). c, Cohorts 2-5 were tested at 1 d, 7 d, 1 month, and 2 months p.i. for the ability to make a nest. Following CHI, both WT and KI mice made lower-quality nests at 1 d after the injury. However, WT mice recovered normal nesting behavior by 7 d to 1 month p.i., whereas the KI mice continued to have a significant deficit even at 2 months p.i. ‡p Ͻ 0.05 WTϩsham versus WTϩCHI. *p Ͻ 0.05 KIϩsham versus KIϩCHI (n ϭ 7-22 per group). d, Cohort 5 was tested in the RAWM at 9 months of age (1 month p.i.). At this time point, the injury-induced deficit in cognitive performance in WT mice had resolved, but the injured KI mice remained significantly impaired compared with the other groups (n ϭ 10 -14 per group). *Denotes significant difference between WT ϩ CHI vs. KI ϩ CHI. ‡Denotes significant difference between WT ϩ sham vs. WT ϩ CHI. §Denotes significant difference between KI ϩ sham vs. KI ϩ CHI.
ELISA uses A␤1-40-and A␤1-42-specific neo-epitopes as capture antibodies and a 6E10 detection antibody, thereby only measuring A␤ and not APP. As shown in Figure 2b , biochemical determination of the PBS soluble and formic acid (FA) soluble A␤1-40 and A␤1-42 levels at 2 months p.i. showed a marked, but variable, increase in both A␤1-40 and A␤1-42 in the FA fraction in the CHI compared with sham mice (A␤1-40, p ϭ 0.023; A␤1-42, p ϭ 0.0347), but no change in the PBS soluble fraction. Although the CHI model used in this study was of insufficient severity to induce a rapid accumulation of A␤, the mild injury did cause increased A␤ pathology at this chronic time point. It will be important in future studies to carefully characterize A␤ processing and clearance pathways between the 1 month p.i. and 2 months p.i time point to elucidate the mechanism of this observation.
APP/PS1 KI mice show an altered temporal cytokine and chemokine response following a CHI compared with WT mice
Disease-and injury-induced overproduction of proinflammatory cytokines in the CNS (especially IL-1␤, IL-6, and TNF␣) is associated with degenerative disease processes McCoy and Tansey, 2008) . Therefore, we hypothesized that the cognitive deficits in the injured KI mice might be associated with a heightened and/or prolonged proinflammatory cytokine response compared with the injured WT mice. To test this, we measured gene expression ( Fig. 3a ) and protein levels (Fig. 3b ) for IL-1␤, IL-6, and TNF␣ in the cortex at select times after the CHI (statistics are shown in Table 1 ). At the mRNA level, the WTϩCHI and the KIϩCHI groups showed a different temporal pattern of expression, with the peak of the proinflammatory cytokines not occurring until 7 d p.i. in the KIϩCHI mice. In contrast to the gene expression, the changes in protein levels of IL-1␤, IL-6, and TNF␣ were largely indistinguishable between the WTϩCHI and the KIϩCHI groups, as both groups showed a similar temporal pattern in proinflammatory cytokine increase compared with their respective control groups (Fig. 3b; Table 1 ).
Head injury also induces an increase in IL-10 production (Morganti-Kossmann et al., 2007), an anti-inflammatory cytokine critical to in vivo inflammation responses (Saraiva and O'Garra, 2010). Therefore, mRNA and protein levels for IL-10 were measured in the cortex at multiple time points after the CHI or sham surgery to determine whether the KI mice might have an altered anti-inflammatory response compared with the WT mice. The KIϩCHI mice did not manifest an early IL-10 response to the injury, in contrast to the WTϩCHI mice response ( Fig. 3a ; Table  1 ). The pattern of IL-10 protein levels was similar to the mRNA, but the protein measurements were near the lower limits of assay detection, potentially contributing to greater variance due to signal-to-noise issues (Fig. 3b) . Regardless, the early antiinflammatory IL-10 response seen in the WTϩCHI mice was not evident in the KIϩCHI group. This raises the possibility that the KIϩCHI group is not able to mount the counteracting arm of the physiological axis in which IL-10 counterbalances the increased IL-1␤, IL-6, and TNF␣ proinflammatory response, or the IL-10 response is shifted to an entirely different time window not examined in this study.
Chemokines, among other functions, have important chemoattractant properties to direct the recruitment of leukocytes to sites of injury or inflammation. Recruitment of monocytes to sites of injury is the function of the CC chemokine family (Ubogu et al., 2006; Viola and Luster, 2008) , so named because the first two cysteine residues are adjacent. Therefore, we measured mRNA levels of four CC chemokines key to the recruitment of monocytes. As shown in Figure 3c , the KIϩCHI group did not exhibit the early chemokine response seen in the WTϩCHI group. The WTϩCHI group showed a rapid increase (by 9 h) in CCL2 and CCL4 gene expression compared with the WTϩsham mice. In contrast, the peak chemokine response of the KIϩCHI group was at 7 d ( Fig. 3c ; Table 1 ).
The temporal patterns of microglia markers change after CHI
Microglia play an important role in maintaining the health of the CNS but also contribute significantly to the pathophysiology following activation in response to an acute brain injury and in chronic neurodegenerative disease (Loane and Byrnes, 2010; Mosher and Wyss-Coray, 2014). Because A␤ is a potent activator of microglia, we hypothesized that the microglia in the APP/PS1 KI mice would be "primed," such that the CHI would lead to an exaggerated microglia response compared with the WTϩCHI mice. To test this prediction, we visualized CHI-induced microglia morphological changes by IBA1 IHC. CHI produced a reactive microglia Figure 2 . CHI increases A␤ deposition in the APP/PS1 KI mice at 2 months p.i. a, At 1 d and 1 month p.i., there were no observable differences in A␤ staining respective to injury, but by 2 months p.i., the KIϩCHI group had significantly more staining in the cortex compared with the KIϩsham group, as determined by Aperio ScanScope digital quantification of 6E10 IHC. In addition, many small A␤ deposits were seen in the KIϩCHI mice that were not present in the KIϩsham mice. b, Levels of soluble (PBS fraction) and aggregated (FA fraction) A␤1-40 and A␤1-42 in the cortex were measured by MSD ELISA. No injury-induced changes were observed in the levels of A␤1-40 or A␤1-42 in the PBS soluble fraction at either 1 d or 2 months. For the FA fraction, there was a significant injury-induced increase in A␤1-40 and A␤1-42 levels at the 2 month p.i. time point (n ϭ 10 -14 per group). *Denotes significant difference between KI ϩ sham vs. KI ϩ CHI. response, with the most pronounced morphological change occurring at 7 d p.i. (Fig. 4a,b) . Quantification of IBA1 ϩ staining (Fig. 4c ) showed no differences between WTϩCHI and KIϩCHI mice at the 1 d and 7 d p.i. time points. By 2 months p.i., the microglia activation in the injured WT mice had resolved and was not significantly different from the sham WT mice (for statistical comparisons, see Table 2 ). At 2 months p.i., the IBA1 ϩ microglia in the KI mice were still elevated compared with the WT mice; however, there was no difference between the injured and sham KI mice. As shown in Figure 4a , some of the microglia staining in the KI mice at 2 months p.i. appeared in clustered regions, which may represent areas where A␤ plaques are deposited. Overall, our data show that the WT and KI mice have a similar initial injuryinduced increase in IBA1 staining, which decreases over time in the WT mice but stays elevated in the KI mice (KIϩsham and KIϩCHI).
A number of gene expression markers have now been defined that are associated with different microglia activation states and disease-specific molecular signatures (Chiu et al., 2013; Hickman et al., 2013; Butovsky et al., 2014) . Although analysis of the large Figure 3 . APP/PS1 KI mice show an altered temporal cytokine and chemokine response following a CHI compared with WT mice. a, The temporal patterns of proinflammatory cytokine (IL-1␤, IL-6, TNF␣) gene expression differed in KI and WT mice after injury, with delayed peak levels in the KI mice (n ϭ 5 or 6 per group). b, However, proinflammatory cytokine protein levels showed a similar pattern of upregulation in KI and WT mice after injury (n ϭ 7-14 per group). The injured KI mice failed to induce an early increase in the anti-inflammatory cytokine IL-10 but showed a delayed peak at 7 d p.i., at both the gene expression level (a)(n ϭ 5 or 6 per group) and protein level (b)(n ϭ 7-14 per group). c, The injured KI mice did not show the early (9 h and 1 d) upregulation of inflammatory chemokines seen in the WTϩCHI mice but instead showed a striking peak chemokine response at 7 d. Statistics summary is shown in Table 1 . *Denotes significant difference between WT ϩ CHI vs. KI ϩ CHI. ‡Denotes significant difference between WT ϩ sham vs. WT ϩ CHI. §Denotes significant difference between KI ϩ sham vs. KI ϩ CHI. 1 d, 7 d, and 2 months p.i. shows changes in microglia morphology after CHI. Some of the microglia in the KI mice appeared in clustered regions, which may represent areas where A␤ plaques are deposited. b, Higher-magnification view of area indicated by arrows in the 7 d p.i CHI groups. c, Quantification of IBA1-positive pixels in the cortex using the Aperio ScanScope (n ϭ 7-14 per group) shows that WT and KI mice have a similar early (1 d, 7 d) injury-induced increase in IBA1 staining, which decreases by 2 months in the WT mice but stays elevated in the KI mice (KIϩsham and KIϩCHI). d, Gene expression for microglia/macrophage markers revealed some differences between WT and KI mice after injury, with KI mice showing a peak for CD68 and MHCII expression at 7 d after the CHI (n ϭ 5 or 6 per group). Statistics summary is shown in Table 2 . *Denotes significant difference between WT ϩ CHI vs. KI ϩ CHI. ‡Denotes significant difference between WT ϩ sham vs. WT ϩ CHI. §Denotes significant difference between KI ϩ sham vs. KI ϩ CHI.
number of markers that have been proposed to be microglia/ macrophage specific would be informative, it is well beyond the scope of this study. Therefore, we selected four standard gene expression markers to provide an initial survey of the microglia response in the APP/PS1 KI mice following the CHI. We measured the gene expression of a marker associated with microglia (CX3CR1) and with macrophages (CCR2) (Mizutani et al., 2012) , and two classical histological markers (CD68 and MHCII) of microglia/macrophage activation (Fig. 4d ). Expression of CX3CR1 in the cortex was unchanged by injury or genotype. A spike in CCR2 expression was seen at 1 month p.i., with the greatest increase in the KIϩCHI mice compared with the other groups. Expression of CD68 and MHCII followed a pattern in the KIϩCHI mice similar to that of the proinflammatory cytokine and chemokine expression, with a peak response occurring at the 7 d p.i. time point. The results suggest that there may be a functionally unique microglia/macrophage response in the KIϩCHI mice occurring ϳ7 d p.i. Therefore, our initial microglia/macrophage gene expression results suggest that a more detailed molecular characterization of isolated cells by flow cytometric analysis, with subsequent gene expression analysis, is warranted in the future to fully characterize the magnitude and type of the microglia and infiltrating macrophage response after the CHI, and to determine whether and how this response is altered in the context of AD pathology.
CHI induces persistent astrocyte activation and a delayed temporal profile of gene expression changes in APP/PS1 KI mice
Astrocytes in all CNS disorders, whether from acute brain injury or chronic neurodegeneration, adopt phenotypes with altered morphological and biochemical properties. This activated astrocyte response can result in a loss of homoeostatic functions, such as glutamate and potassium homeostasis, movement of water, brain metabolism, and regulation of inflammation (Verkhratsky et al., 2012) . When astrocytes become activated, they can also impair synaptic function and contribute to cognitive impairment (Furman et al., 2012) . GFAP IHC is a common method used to visualize astrocyte activation and morphological changes. Figure  5 shows the activated astrocyte response after CHI. The WTϩCHI group showed an increase in GFAP staining at 1 d and 7 d p.i., which decreased by 2 months p.i. (Fig. 5a ). In the KIϩCHI mice, GFAP staining in the cortex at 1 d and 7 d p.i. was largely associated with what appear to be plaques. The most striking change in GFAP staining occurred at 2 months p.i. in the KIϩCHI mice. Quantification of the GFAP staining (Fig. 5b) showed a large increase in GFAP in the KIϩCHI mice at this chronic time point, significantly greater than the normal increase in GFAP in the KIϩsham mice at this age.
We further characterized the temporal pattern of the activated astrocyte responses by measuring changes in gene expression of four astrocyte markers. In WTϩCHI mice, GFAP gene expression increased early, reaching a peak at 1 d p.i. and slowly subsiding over 2 months (Fig. 5c ). In contrast, in KIϩCHI mice, the increase in GFAP gene expression was delayed, reaching a peak at the 7 d p.i. time point. GFAP expression remained elevated at 2 months p.i. in the injured KI mice relative to sham, in agreement with the GFAP IHC data. The temporal pattern of gene expression for vimentin was similar to that of GFAP, with KIϩCHI mice showing a delayed increase (7 d peak) that remained elevated at the 2 month time point.
A recent study (Zamanian et al., 2012) identified a number of genes that were highly enriched in astrocytes from an ischemic stroke brain injury model compared with the control. Two genes that were highly induced in isolated astrocytes from the injury model were lipocalin 2 (Lcn2) and pentraxin 3 (Ptx3). Lcn2 induction has been reported to be detrimental to neurological outcomes in stroke models (Egashira et al., 2014; Jin et al., 2014) and in a spinal cord injury model (Rathore et al., 2011) , but beneficial in experimental autoimmune encephalomyelitis (Berard et al., 2012) . Ptx3 belongs to the superfamily of proteins that includes C-reactive protein (for review of Ptx, see Daigo et al., 2014) . In an ischemic brain injury model, Ptx3 deficiency was associated with increased infarct volume, increased blood-brain barrier leakage, and prolonged edema (Rodriguez-Grande et al., 2014) . In response to ischemic brain injury, Lcn2 and Ptx3 genes showed a rapid upregulation by 1 d p.i., with a steady return to baseline by 7 d p.i.; longer time points were not measured (Zamanian et al., 2012) .
Therefore, we measured Lcn2 and Ptx3 gene expression at different times after CHI in WT and KI mice. WTϩCHI mice showed a rapid increase in both Lcn2 and Ptx3, and a return toward baseline by 7 d p.i. (Fig. 5c ; Table 2 ), in agreement with the findings in an ischemic stroke injury model (Zamanian et al., 2012) . In contrast, KIϩCHI mice failed to upregulate Lcn2 and Ptx3 at the 9 h and 1 d p.i. time points but showed a significant increase at later time points (7 d p.i. for Ptx3 and 2 months for Lcn2) ( Fig. 5c ; Table 2 ). These results provide further support for altered astrocyte activation in response to CHI in the KI mice. In future experiments, ex vivo gene expression analysis of isolated astrocytes will be important to fully characterize the magnitude and type of the astrocyte responses after the CHI, and to further explore mechanisms associated with the altered astrocyte responses in the context of AD pathology. MW151 was developed (Hu et al., 2007) by using a validated mouse model (Craft et al., 2004a (Craft et al., , b, 2006 and discovery approach, to develop novel small molecules that selectively attenuate stressor-induced upregulation of neuroinflammatory responses from activated glia. We previously reported (Bachstetter et al., 2012 ) that treatment of APP/PS1 KI mice with MW151 in the early-stage time window of age-related increase in proinflammatory cytokines could prevent the resultant synaptic dysfunction. In addition, we recently reported that MW151 can suppress injury-induced IL-1␤ and IL-6 production and attenuate cognitive impairment in WT mice following a CHI (Bachstetter et al., 2015) . Based on this precedent, we treated mice with MW151 (5 mg/kg/d; i.p.) to confirm the effectiveness of MW151 in suppressing the neuroinflammatory response ( Fig. 6a-e) . Because there was a 7 d p.i. peak in several neuroinflammatory gene expression markers in the KIϩCHI mice, we initiated treatment of cohort 6 ( Fig. 6 ) with MW151 at day 7 p.i. We administered MW151 once daily for 4 d, then killed mice at ϳ3 h after the last injection of MW151 on day 10 p.i. to determine whether MW151 could suppress the injury-induced neuroinflammatory response (Fig. 6a ). Under these conditions, MW151 treatment suppressed the proinflammatory cytokine response (Fig. 6b) , had no effect on IBA staining (Fig. 6c ), and reduced GFAP staining (Fig. 6c ). Consistent with prior results in the age-related intervention study (Bachstetter et al., 2012) , there was no effect of MW151 treatment on A␤, as assessed histologically (Fig. 6d ) and biochemically (Fig. 6e ).
Treatment of APP/PS1 KI mice with MW151, a smallmolecule inhibitor of glia neuroinflammatory responses, prevents CHI-induced cognitive impairment
After confirming that MW151 had the expected pharmacodynamics effect related to its mechanism of action (i.e., sup- Figure 5 . CHI induces persistent astrocyte activation and a delayed temporal profile of astrocyte-associated gene expression changes in the APP/PS1 KI mice. a, GFAP staining at low magnification shows the regional increase in staining seen in the cortex of the CHI groups. The higher-magnification insets were taken from the middle brain sections and from the same regions of the cortex to show the morphological appearance of the astrocytes. b, Quantification of GFAP staining was done with the Aperio ScanScope, using the entire neocortex as the region of interest. Astrocyte activation remains elevated at 2 months p.i. in injured KI mice (n ϭ 7-14 per group). c, The temporal patterns of astrocytic gene expression (GFAP, vimentin, Lcn2, and Ptx3) differed between WT and KI mice after injury. The injured WT mice showed an early increase in gene expression (9 h, 1 d) and then a decline in expression levels, whereas the injured KI mice showed a more delayed initial increase and more persistent response (n ϭ 5 or 6 per group). For example, GFAP, vimentin, and Ptx3 showed a peak in gene expression in the KI mice at 7 d p.i., and all four genes remained elevated at 2 months. Statistics summary is shown in Table 3 . *Significant difference between WT ϩ CHI vs. KI ϩ CHI; ‡Significant difference between WT ϩ sham vs. WT ϩ CHI. §Significant difference between KI ϩ sham vs. KI ϩ CHI.
pression of the injury-induced neuroinflammatory response), we tested whether repeat administration with MW151 could attenuate the injury-induced cognitive deficits. As outlined in Figure 6f , cohort 7 mice were treated with MW151 or saline vehicle intraperitoneally every other day from day 7 to 27 p.i. Following 2 d without treatment, to minimize any stressrelated effects on the animals' behavior, the mice were tested in the RAWM. As shown in Figure 6g , there was a significant cognitive impairment in the injured KI mice (significant effect of training, p Ͻ 0.0001; and experimental group, p ϭ 0.0081). Post hoc analysis showed that the KIϩCHIϩveh group was significantly different ( p Ͻ 0.05) from the other two groups. Importantly, on day 2 of the RAWM task, injured mice treated with MW151 made significantly fewer errors than the injured mice treated with vehicle, and MW151-treated mice were not significantly different from sham controls (Fig. 6h) . Thus, the RAWM data support the hypothesis that the dysregulated neuroinflammatory response seen in the KI mice subjected to CHI may be one of the contributing factors that leads to cognitive impairment following injury.
At day 32 p.i., mice were killed, and we measured cytokine levels (Fig. 6i ), IBA1 and GFAP IHC (Fig. 6j) , and A␤ by histology ( Fig. 6k ) and biochemistry (Fig. 6l ) , to examine other pathological endpoints in addition to the functional RAWM endpoint. Levels of cytokines (IL-1␤, IL-6, TNF␣) did not change with injury or MW151 treatment at this chronic time point (32 d p.i.), and MW151 did not suppress the cytokine levels below the basal levels seen in the sham mice (Fig. 6i ). IBA1 and GFAP IHC staining showed a significant increase in the injured mice compared with the sham mice, but the MW151-treated mice showed little (IBA1) to no (GFAP) suppression of CHI-induced glial activation (Fig. 6j ). There was no effect in any of the experimental groups on A␤ IHC using either 6E10-or A␤1-42-specific antibodies (Fig. 6k ). Biochemical measurement of PBS-and FAsoluble A␤1-40 and A␤1-42 also showed no significant differences in any of the groups (Fig. 6l ).
Discussion
There are three key findings from the studies reported here. First, a single, comparatively mild, diffuse brain injury admin- Figure 6 . Treatment of APP/PS1 KI mice with MW151, a small-molecule inhibitor of glia neuroinflammatory responses, prevents CHI-induced cognitive impairment. a, In cohort 6, mice were treated with MW151 (5 mg/kg) or saline vehicle by intraperitoneal injection once daily on days 7-10 p.i. (n ϭ 5 or 6 per group). b, Injury-induced proinflammatory cytokine production and (c) astrocytosis, but not microglia, were reduced by MW151 treatment. MW151 treatment had no effect on (d) A␤ IHC or (e) PBS-soluble or FA-soluble A␤1-40 or A␤1-42 levels. f, In cohort 7, mice were treated with MW151 (5 mg/kg) or saline vehicle by intraperitoneal injection every other day, from day 7 to day 27 p.i. (n ϭ 10 -14 per group). On day 29 p.i., mice were tested in the 2 d RAWM task. The learning curve (g) and the total number of errors per day (h) show that MW151 prevents the CHI-induced cognitive impairment. i, There was no change in cytokine levels in any experimental group at this 32 p.i. time point. j, There was a significant increase in IBA1 and GFAP IHC in the injured mice compared with the sham mice, but the MW151-treated mice showed little (IBA1) to no (GFAP) suppression of the staining. MW151 treatment had no effect on (k) A␤ IHC or (l ) PBS-soluble or FA-soluble A␤1-40 or A␤1-42 levels. ‡ ‡p Ͻ 0.01, KIϩshamϩveh versus KIϩCHIϩveh. ‡ ‡ ‡p Ͻ 0.001, KIϩshamϩveh versus KIϩCHIϩveh. *p Ͻ 0.05, KIϩCHIϩveh versus KIϩCHIϩMW151. **p Ͻ 0.01, KIϩCHIϩveh versus KIϩCHIϩMW151. ***p Ͻ 0.001, KIϩCHIϩveh versus KIϩCHIϩMW151.
istered before onset of age-associated functional deficits and pathology in an AD-relevant mouse model can induce chronic cognitive impairment. Second, there is an altered temporal profile in the injury-induced proinflammatory cytokine increases that could not have been predicted from the prior separate investigations that previously linked the neuroinflammation to neurologic outcomes in both the TBI and the AD relevant mouse models. Third, intervention with a smallmolecule inhibitor of brain proinflammatory cytokine upregulation prevents the chronic cognitive impairment, providing a linkage of the neuroinflammatory response to the neurologic outcomes. This raises the potential for future development of neuroinflammation biomarkers related both to pathophysiology progression at key time windows and to the effects of such drugs on these pharmacodynamic endpoints.
Specifically, we report that a single mild TBI in the APP/PS1 KI mouse induced an extended neuroinflammation response and a chronic cognitive impairment that persisted even at the 2 months p.i. time point. The astrocyte activation and cytokine responses in the injured KI mice were delayed in onset and were extended in presence compared with the injured WT mice. Treatment during this phase with a small-molecule experimental therapeutic (MW151) that selectively attenuates proinflammatory cytokine upregulation prevented cognitive impairment in injured KI mice, providing a mechanistic link between the altered neuroinflammation and neurologic endpoints. Overall, our data Figure 7. Summary of CHI-induced changes in WT and APP/PS1 KI mice. In WTϩsham mice, there are low levels of proinflammatory cytokines/chemokines and reactive microglia and astrocytes. In WTϩCHI mice, there is a rapid increase and resolution of the proinflammatory cytokine/chemokine response. This is followed by activation of microglia and astrocytes that slowly resolves over time, with most responses down toward basal levels by the 2 months p.i. time point. In the KIϩsham mice, cytokines and glia are at low levels at the start of the experiment (8-month-old mice). As A␤ accumulates in the KIϩsham mice with increased age, there is also a concomitant increase in neuroinflammation. In the KIϩCHI mice, there is an altered temporal neuroinflammatory response compared with the WTϩCHI mice. IntheinjuredKImice,muchoftheproinflammatorycytokine/chemokine,microgliaandastrocyteresponseisdelayeduntil7dp.i.butthenremainselevatedand is not resolved at the 2 months p.i. time point. By 2 months p.i., there is also an increase in A␤ in the KIϩCHI mice compared with the KIϩsham mice. Treatment of KIϩCHI mice with the experimental therapeutic (MW151) that selectively attenuates proinflammatory cytokine overproduction reduced the cytokine and astrocyte response to injury. Importantly, MW151 treatment prevented the cognitive deficits in RAWM. Our data support a mechanism by which a dysregulated neuroinflammatory response contributes to increased risk of cognitive impairment after head injury.
indicate that a TBI in the context of emerging AD pathology leads to greater cognitive impairment that appears to involve an altered neuroinflammatory response mechanism (Fig. 7) .
Epidemiological studies and clinical observations have associated a prior head injury with an increased risk of cognitive impairment, earlier onset of dementia, and increased AD neuropathological changes, as well as noting the presence of glia activation in both TBI and AD patients (Johnson et al., 2010; Ramlackhansingh et al., 2011; Shively et al., 2012; Abner et al., 2014) . Consistent with the clinical analyses, studies of transgenic AD mouse models have reported that a moderate-to-severe TBI worsens cognitive performance in the Morris water maze or RAWM (Brody and Holtzman, 2006; Abrahamson et al., 2009; Tajiri et al., 2013) . Our results are consistent with the previous studies and extend the association to a mild diffuse TBI model that does not have the tissue loss characteristic of more severe injuries. Additionally, the outcomes with MW151 treatment add a mechanistic linkage between the neuroinflammation and cognitive performance.
An interesting but unresolved aspect of the cytokine response is the difference between the injured KI and WT mice in the after injury increase of the anti-inflammatory cytokine IL-10. The lack of acute IL-10 induction in the injured KI mice might have functional significance, but a mechanistic link between the IL-10 response and subsequent pathological changes in the KIϩCHI mice, as done with proinflammatory cytokine levels and MW151 treatment, was not explored here. Further, the specifics of an in vivo inflammatory response to injury and disease progression reflects the convergence of multiple physiological axes with their attendant feedback and crosstalk Wyss-Coray and Rogers, 2012; Sama and Norris, 2013) , so it is not known whether the IL-10 response in the paradigm studied here is a reflection of secondary responses to changes in proinflammatory cytokines or a more proximal response to the injury itself. The mechanistic role of IL-10 would be interesting to pursue in future investigations with the availability of selective in vivo probes for modulation of IL-10 levels in response to injury or disease progression.
Another interesting correlation was the striking and persistent increase in GFAP staining in the cortex of the KIϩCHI group. Astrocyte activation as assessed by GFAP staining is correlated with TBI-associated pathophysiologies, such as increased proinflammatory cytokine levels, oxidative stress, and brain edema (Kimelberg, 1992; Kimelberg et al., 1995; Laird et al., 2008; . However, astrocytes also serve homeostasis functions (Schousboe et al., 2004; Simard and Nedergaard, 2004; Obara et al., 2008; Halassa and Haydon, 2010; Allaman et al., 2011; Clarke and Barres, 2013) , and elimination of astrocytes exacerbates the inflammatory response and neuronal damage following a neurologic injury (Bush et al., 1999; Cui et al., 2001; Faulkner et al., 2004; Myer et al., 2006) . Therefore, the multifaceted role of astrocytes in development, homeostasis, and injury does not allow full interpretation of the astrocyte histopathology. However, expression analyses revealed that markers of activated astrocytes were not elevated in the injured KI mice at the 9 h and 1 d p.i. time points. This raises the possibility that teasing out a functional role of altered astrocyte function may require more fine-tuned physiology-based endpoints to complement the histopathology.
In conclusion, the results reported here and the context of prior publications add to an increasing body of knowledge strongly indicating that TBI is a contributor to increased susceptibility to AD-relevant pathologies, including cognitive dysfunc-tion. The integrated use of an acute brain injury paradigm in a progressive neurodegenerative model is another variant of "priming" or two-hit injury paradigms, where one insult exacerbates the response to a second insult (Norden et al., 2014; Perry and Holmes, 2014) . Neuroinflammation has clearly been implicated as a pathophysiology progression mechanism in such twohit paradigms, and MW151 intervention after the first insult provides pharmacological attenuation of the second insult response Chrzaszcz et al., 2010) . Therefore, our finding that MW151 treatment results in attenuation of the exaggerated response in the CHI-KI group extends the body of evidence that supports overproduction of cytokines and altered homeostatic glia functions as an important pathophysiological mechanism and promising therapeutic target.
